Fuel cycle cost of sodium cooled fast reactors is strongly dependent on the performance of core structural materials, i.e., clad and wrapper materials of the fuel subassembly, which are subjected to intense neutron irradiation during service, that leads to unique materials problems like void swelling, irradiation creep and helium embrittlement. In order to increase the burnup of the fuel and thereby reduce the fuel cycle cost, it is necessary to employ materials which have high resistance to void swelling as well as better high temperature mechanical properties. The Indian fast reactor program began with the commissioning of the 40 MW t Fast Breeder Test Reactors (FBTR). The core structural material of FBTR is 20% cold worked 316 austenitic stainless steel (SS). For the 1250 MW t Prototype Fast Breeder Reactor which is nearing completion of construction, 20% cold-worked alloy D9 (15Cr-15Ni-Ti) has been selected as the clad and wrapper material. The target burnup is 100 GWd/t. Advanced austenitic stainless steel called as IFAC-1 SS and oxide dispersion strengthened martensitic steels have been developed as future materials for achieving higher burnup. Type 316 SS and its modified versions are used as the major high temperature structural materials for out-of-core permanent components. Ferritic-martensitic steels are selected for steam generator applications. This paper reviews the unique problems in fast reactors and illustrates the global progress in developing advanced structural materials for fast reactors in the context of the Indian nuclear programme.
Introduction
It is generally recognized that long-term development of nuclear power as a part of the world's future energy mix will necessarily require fast reactor (FR) technology with closed fuel cycle. The fast neutron spectrum allows fast reactors to i) increase the energy yield from natural uranium by a factor of sixty to seventy as compared to thermal reactors, and ii) to bring significant improvement in nuclear waste management. Due to excellent neutronic, physical and thermal characteristics, liquid sodium is used as the coolant for FRs. Sodium cooled fast reactors (SFRs) have high thermal efficiency. It is because of these advantages that fast reactors have been under development for more than 50 years. While energy production with fuel breeding is the main goal of fast reactor development, these are also being investigated to reduce the actinide content of nuclear waste, and to take advantage of their high thermal efficiency.
Several countries have important fast breeder reactor development programs. Ten test fast reactors with thermal power ranging from 8 to 400 MW t and six commercial size prototypes with electrical output ranging from 250 to 1200 MW e have been constructed and operated. Fuel burnup in excess of 130,000 MWd/t has been reached at several reactors, and major steps towards commercial fast reactor designs have been made. The Phénix reactor has been operated for more than 100,000 hours at a temperature of 833 K (560°C) with thermal efficiency of 45.3% (gross) and maximum burnup exceeding 150,000 MWd/t. The closed fuel cycle has also been demonstrated [1] . The design/construction/operation of several sodium-cooled fast reactors, such as the Fast Breeder Test Reactor in India (Fig.1) , Fast Flux Test Facility in USA, Prototype Fast Reactor in UK, prototype reactor Phénix in France, BN-350 in Kazakhstan, Monju in Japan, demonstration plant BN-600 in Russia, commercial size Superphénix in France, etc. have together provided an experience-base of about 400 reactor-years. Russian BN-800 reactor and the Prototype Fast Breeder Reactor (PFBR) in India are both now under construction. Several countries are presently engaged in intense research and development programmes for the development of innovative fast reactor concepts (GEN IV). 
Indian Nuclear Energy Programme
For India, nuclear energy is an inevitable option for achieving energy security for the country.
Nuclear power gains importance because of (i) availability of large reserves of thorium, (ii) constraints on setting up of fossil fuel power plants due to environmental concerns and (iii) the clean nature of nuclear energy which does not contribute to global warming. The nuclear power programme of India is being implemented in three stages: (i) Stage-1 involves setting up of a series of Pressurised Heavy Water Reactors (PHWRs) (ii) Stage-2 is based on sodium cooled fast reactors and (iii) Stage-3 consists of thorium-based thermal and fast reactors. The first stage of nuclear power programme has been in the commercial domain for several decades and it has achieved an installed capacity of 4780 MWe. Sodium cooled fast reactors from the second stage of the programme will provide the necessary experience and fuel for the third stage, with an estimated power generation potential [2] in excess of 63,000 MWe. India has made rapid strides in developing SFR technology. The Fast Breeder Test Reactor (FBTR) of 40 MW t has been operating successfully for over 25 years at Indira Gandhi Centre for Atomic Research, (IGCAR) at Kalpakkam. Based on the experience in design, construction and operation of FBTR, a 500 MW e Prototype Fast Breeder Reactor has been designed and is under construction. Figure 2 shows the flow sheet of PFBR.
The distinguishing characteristics of SFRs include long design life, high temperature of operation and very high neutron flux. Therefore, the materials for the fuel subassemblies of SFRs should have good high temperature mechanical properties and resistance to irradiation damage. A measure of the irradiation damage on materials is the number of times an atom is displaced from its normal lattice site by the atomic collision processes. This is referred as displacements per atom (dpa). Development of advanced core structural materials (materials used for clad and hexagonal wrapper tubes of the fuel subassembly) is one of the major challenges to reduce cost of electricity produced in fast reactors. 
Materials Issues
Materials for sodium cooled fast reactor components are chosen based on their operating environment in service and are broadly classified as (i) core structural, (ii) structural and (iii) steam generator materials. All these components operate at high temperatures and experience load during service. Structural components such as reactor vessel and intermediate heat exchanger operate in sodium environment and so compatibility with sodium coolant is a necessary requirement for the materials of these components, in addition to high temperature mechanical properties like creep and low cycle fatigue and microstructural stability of the material over the life of the plant. Core components consist of the fuel clad and wrapper tubes and they experience intense neutron irradiation. Resistance to irradiation-induced changes in mechanical properties is an essential requirement. Steam generator components are exposed to liquid sodium on the shell side and superheated steam on the tube side. Therefore, resistance to stress corrosion cracking is a major requirement governing the choice of materials for steam generator components in addition to good high temperature mechanical properties. This paper reviews the challenges in the development of materials for fast reactors and the recent trends in the development of improved materials.
Core Structural Materials
It is widely acknowledged that the cladding and wrapper materials, rather than the fuel, provide the greatest limitation in reaching high dpa levels and thereby impede high fuel burnup. Major irradiation-induced degradation problems are void swelling for austenitic stainless steel and, to a lesser extent, embrittlement at low temperatures for ferritic-martensitic steels. There are three approaches towards achieving high fuel burnup, namely, use of (i) advanced austenitic stainless steels, (ii) ferritic-martensitic steels and (iii) nickel base superalloys [3] .
Irradiation Effects on Core Structural Materials
The core of a nuclear reactor is where the fuel is located and where nuclear fission reactions take place. The materials used to (i) encase the fuel in the form of fuel pins, (ii) to hold fuel pins together in fuel assemblies, and (iii) to hold fuel assemblies in place in the reactor core are all considered as 'core structural materials'. The economics of current nuclear power plants is improved through increasing fuel burnup, i.e. the effective time that the fuel remains in the reactor core and the amount of energy it generates. Increasing the consumption of fissile material in the fuel element before it is discharged from the reactor results in lower fuel cycle costs, lower spent fuel storage costs, and less nuclear waste generated for ultimate disposal. There has been a continuous historical evolution in the fuel burnup. Higher burnups place severe performance demands on core structural materials. The core structural materials have to i) maintain integrity of the fuel pins and fuel assemblies, and ii) prevent release of radioactive materials from the fuel to the coolant. To support higher burnups, improved radiation resistant materials are required which can withstand harsher irradiation environments and higher operating temperatures. In the future fast reactor systems, it is expected that atomic displacements can reach as high as 150-200 dpa, depending on the characteristics of the alloy and the neutron spectrum. Given the tight specifications within which a nuclear reactor must operate, it is critical that throughout the working life of the reactor, structural materials maintain their mechanical properties and dimensional integrity within specified tolerances.
Radiation-induced changes in material properties are the result of microstructural defects. An energetic particle (e.g. neutron or fission fragment) collides with an atom in a material, transferring to it some of its energy and knocking it out of its lattice position. This primary knock-on atom and the recoiling particle cause additional collisions with other atoms generating a cascade of displaced atoms. Given that the average energy of a fission neutron is ~2 MeV, and the threshold energy to displace an atom from its lattice position in metals is ~20-40 eV, a typical number of displaced atoms in a displacement cascade is ~50000. In most metals, most of these displaced atoms eventually recombine. The remaining radiation defects change the material's microscopic and macroscopic properties. These defects can be visualized as regions where there is either a deficiency of lattice atoms or an excess of lattice atoms. These deficiencies or excesses produce geometrical distortions in the lattice structure. Similarly, impurity atoms (interstitial impurity atoms, precipitates of impurity atoms, substitutional impurity atoms etc.) also distort the lattice structure. All these distortions lead to changes in the mechanical properties of the material and geometry of the fuel subassembly. Vacancies lead to macroscopic swelling and distortion of the lattice structure, which alter the material's strength and ductility.
The most important observable changes in material properties due to fast neutron irradiation are embrittlement, radiation induced growth, void swelling, irradiation creep, and phase changes. Embrittlement can seriously affect the performance of many reactor components, specially in materials like martensitic steels. In 1967, the first evidence of considerable void swelling taking place in austenitic stainless steels irradiated to high fast neutron fluences, was detected in the UK Dounreay (experimental) Fast Reactor DFR [4] . This phenomenon has since then dominated the R&D efforts towards the development of cladding and duct alloys. Radiation induced void swelling influences the geometry of core components and can complicate coolant flow and control rod movements. Swelling is common for austenitic stainless steels where vacancies tend to form 3-dimensional clusters. Irradiation creep which is a permanent deformation caused by the evolution of different irradiation induced defects, depends on their orientation relative to the applied stress. Phase changes are accelerated by irradiation in different ways. Radiation induced diffusion of nonequilibrium defects and redistribution of alloying elements cause a local transformation of the material's lattice into a more energetically favoured shape. Fast neutrons create helium atoms by transmutation reactions. These atoms can coalesce into gas bubbles that grow and produce voids (Fig. 3) and thus cause swelling in the material. A major focus of current research work world-wide is on finding ways to stabilize the displaced atoms, vacancies, and lattice distortions. This can be done, by creating metallurgical features in the material such as grain boundaries or other vacancy sinks to capture and hold migrating radiation defects. These include grain size and its orientation, trace elements, sinks, and dispersed strengthening precipitates.
Materials Development for Clad and Wrapper Applications
Both austenitic and ferritic-martensitic steels have limitations -the former due to excess swelling and the latter due to insufficient high-temperature strength and toughness. However, both austenitic and ferritic-martensitic steels allow safe fast reactor operation in power regimes that are at the lower limit of commercial efficiency. Their use in research applications will make it possible to accumulate experience on material's irradiation behaviour.
Austenitic Stainless Steels
Structural materials for fast reactor core components have evolved continuously and improved the fuel element performance. Trends in the development of radiation resistant 300 series austenitic stainless steels have been to increase nickel content and decrease chromium content in comparison to the standard grades. Type 316 austenitic stainless steel in 20% cold worked condition was used for clad and wrapper tubes in FBTR. The cladding tubes in FBTR have been irradiated in the temperature range of 453 -717 K to fluence levels pertaining to damage levels of around 80 dpa. The end of life ductility was around 1 % after irradiation, and extensive formation of void swelling was observed.
Solute elements like titanium, silicon, phosphorous, niobium, boron and carbon play a dominant role in determining void swelling resistance. Alloy D9 (15Cr-15Ni-Mo-Ti-C austenitic stainless steel) with specifically tailored composition, especially with regard to carbon and titanium content, has been designed around the standard AISI 316 SS to improve the void swelling resistance. This alloy in 20% cold worked condition has been chosen for the fuel cladding and fuel subassembly wrapper tubes for PFBR. Creep strength of alloy D9 is better than type 316 SS (Fig.4) . In cold worked alloy D9, TiC forms preferentially on the intragranular dislocations, while M 23 C 6 precipitates on grain boundaries. TiC is more stable than M 23 C 6 and retains its finer size over longer durations contributing to higher rupture strength and lower creep rate as compared to 316 SS. The fine precipitates retard recovery and recrystallization of the cold worked structure, thus imparting elevated temperature strength to alloy D9 [5] . Minor elements such as silicon (Si), titanium (Ti) and phosphorom (P) are known to have a major influence on the void swelling behaviour of alloy D9. In an effort to further optimize the alloy composition around the nominal alloy D9 levels and to identify an improved version of alloy D9 having higher resistance to both void swelling and creep, a series of laboratory heats were produced by varying the compositions of Ti, Si and P. Fifteen laboratory heats were produced with 0.025 and 0.04 wt. % of phosphorous, 0.75 and 0.95 wt. % of silicon and 0.16, 0.20, 0.24 and 0.30 wt. % of Ti. Influence of titanium on creep properties at 973 K showed a peak in rupture strength and a minimum in steady creep rate corresponding to Ti/C=6 in the heats containing phosphorus of 0.025 wt. % and silicon of 0.75 wt. % (Fig.5) [6] . The alloys have been irradiated using 5 MeV nickel ions on (30 appm helium pre-implanted) to a peak damage of 100 dpa at a damage rate of 7 × 10 -3 dpa/s at various irradiation temperatures between 700 and 970 K. The void swelling, measured by step height, was found to be lower for the sample containing higher amount of phosphorous with the peak swelling at 2.5 % (Fig.6 ). The reduction in swelling by phosphorous addition was more pronounced at temperatures > 800 K. Based on the mechanical properties and void swelling data on these alloys, optimized alloy D9 alloy having Ti =0.25 wt. %, with 0.75 wt. % Si, and 0.04 wt. % P, designated as Indian Fast Reactor Advanced Cladding-1 (IFAC-1 SS), is proposed for fuel pin cladding and wrapper applications in PFBR. The alloy IFAC-1 SS with optimum composition of minor elements is expected to allow safe operation up to ~ 150 dpa for fuel cladding. 
Martensitic Steels
High chromium (9-12 wt. %) ferritic/martensitic steels are considered as the long-term solution for fast reactor core structural materials because of their inherent void swelling resistance and lower shift in DBTT on neutron irradiation (Fig.7) [7] . They are not suitable for cladding tube because of poor creep strength above 823 K. Creep strength is not a primary requirement for wrapper material. Ferritic steels are therefore suitable for wrapper applications. However, the increase in ductile-to-brittle transition temperature (DBTT) due to irradiation is a cause of concern for the use of martensitic steels. Consequently, extensive studies involving modification of the composition and heat treatment have been carried out to improve the fracture toughness of ferritic steels. Effects of sulphur, phosphorous and silicon on DBTT of 9Cr-1Mo steel have been reported [8] . From low DBTT point of view, sulphur and phosphorus should be as low as possible. In an effort to specify the lower limit of silicon for lower DBTT, three heats of 9Cr-1Mo steel with silicon in the range 0.24-0.6 wt. % were studied for their impact properties. Variation of Charpy energy with temperature of the steels is shown in Fig.8 . It was found that silicon has no major deleterious effect on DBTT. These materials are therefore very promising for wrapper applications and will be considered in the future fuel subassemblies of PFBR along with IFAC-1SS as cladding material with intended burnup of more than 150 GWd/t. Fig.8 . Effect of silicon content on fracture toughness of grade 9 (9Cr-1Mo) steel.
Oxide Dispersion Strengthened Steels
During the past few years, there is a growing interest in the development of non-swelling martensitic steels with the matrix strengthened by nano size yttrium oxides [9] [10] [11] . This approach is consistent with the approach for dispersion strengthening by fine particles. These oxide particles act as stable obstacles to dislocation movements and reduce creep deformation. Despite the conceptual simplicity of the idea, its technological implementation is difficult and complex. To increase the target burnup levels upto 200 GWd/t, oxide dispersion strengthened (ODS) ferritic-martensitic steel Fe-0.1C-9Cr-2W-0.2Ti-0.3Y 2 O 3 with adequate creep strength have been developed in India for cladding tube. A complex powder metallurgy route followed by hot and cold mechanical processes was adopted to produce the clad tubes. Pre-alloyed powders of the steel and nano size Y 2 O 3 particles were blended in a simoloyer mill in argon atmosphere. The mixed powder was canned in mild steel can, degassed and sealed. The sealed cans were upset to compact the powder cans into billets. The billets were hot extruded to produce rods. Mother tubes were prepared by drilling the extruded rods. Clad tubes were produced by cold drawing (pilgering) of the mother tube in several passes with intermediate softening heat-treatments. The clad tubes were finally subjected to normalizing and tempering heat treatments in inert atmosphere. Cladding tubes with 6.6 mm outer diameter, 0.45 mm thickness and upto 4200 mm length have been successfully produced. Figure 9 shows the tempered martensitic microstructure of 9Cr ODS steel with prior austenitic grain boundary and sub-grain boundary decorated with carbides. Equiaxed grains with no evidence of texture was observed in the ODS steel clad tubes [12] [13] .
Structural Materials
Type 316 SS and its closely related nitrogen alloyed variant 316L(N) SS are the preferred structural materials for high temperature permanent components of sodium cooled fast reactors due to their attractive high-temperature fatigue and creep strength, compatibility with liquid sodium coolant and easy weldability. A modified grade type 316 SS has been used as the principal structural material for FBTR. This material differs from the conventional grade of type 316 SS with respect to tight control of chemical composition to minimize risk of sensitization, avoid scatter in mechanical properties to carry out reliable inelastic analyses in design, and low inclusion content for superior toughness. Unlike ferritic steels, austenitic stainless steels have relatively poor resistance to intergranular stress-corrosion cracking (lGSCC) in chloride and caustic environments. Type 316 SS welds exposed to marine environments can fail by IGSCC in the heat-affected zone of weldments, due to the combined influence of sensitization and the presence of residual stresses introduced during welding. A nitrogen-alloyed low carbon (0.02-0.03 wt.%) version of this steel (316L(N) SS) has been chosen for the high-temperature structural components of PFBR which has been designed for 40 years of operation. For the 316 L(N) SS used in PFBR, nitrogen is specified in the range of 0.06 to 0.08 wt%, in order to compensate for the loss in solid-solution strengthening due to the reduced carbon content. Creep rupture life increased substantially with nitrogen addition (Fig.10) [14] . The beneficial effects of nitrogen arise due to higher solubility of nitrogen in the matrix as compared to carbon giving rise to strong solid solution hardening and reduction in stacking fault energy of the matrix [15] . Nitrogen also affects the diffusivity of chromium in austenitic stainless steels leading to retardation in coarsening of M 23 C 6 thereby retaining the beneficial effects of carbide precipitation to longer times. With the experience gained in the design and construction of PFBR, it is proposed to design future SFRs with a design life of 60 years. Studies are being carried out to develop a higher nitrogen alloyed 316LN SS with superior tensile, creep and low cycle fatigue properties as compared to 316L(N) SS containing 0.07 wt.% nitrogen. The influence of nitrogen on the creep behaviour of 316LN SS has been studied at nitrogen levels of 0.07, 0.11, 0.14 and 0.22 wt. % by keeping the rest of the composition unaltered [15] [16] . The carbon content in these heats was 0.03 wt. %. Creep rupture strength increased substantially with increase in nitrogen content (Fig.11) . Weldability studies are underway to arrive at the optimum nitrogen content from the considerations of both high temperature mechanical properties and sound welds.
Steam Generator Materials
Grade 91 steel, also called as modified 9Cr-1Mo steel, is a widely used material for steam generators of fossil fuelled and nuclear power plants. The material possesses moderate creep strength coupled with high thermal conductivity, low thermal expansion coefficient and virtual immunity to stress corrosion cracking in chloride and caustic media. Modified 9Cr-1Mo steel is used in the normalized and tempered condition that gives rise to tempered martensite structure. In this alloy, the additions of V,Nb and N elements ensure intragranular precipitation of highly stable V, Nb-carbonitrides (MX) particles on tempering and during creep exposure which impart relatively high creep strength to the steel. Creep strength of the fusion welded joint of modified 9Cr-1Mo steel is considered to be a life limiting factor. In the actual structures fabricated by welding, a high percentage of the failures has been reported to occur in the heat affected zone (HAZ) of the weld joint [17] [18] . The detailed microstructure in the HAZ of this steel is extremely complex and is controlled by the interaction of thermal fields produced by the heat input from the welding process, and the phase transformations and grain growth characteristics of the material [19] . Further modifications in microstructure occur as a result of tempering either during the later stages of welding and post-weld heat-treatment (PWHT) or during service. These microstructures which generally vary from the wrought base material through transformed HAZs to cast weld metal, have greatly differing mechanical properties. As a consequence, premature cracking occurs in the intercritical region of HAZ which has a creep soft microstructure and thus reduces its creep rupture life (Fig.12) , commonly termed as type IV failure. The joint of the steel possesses lower creep rupture life than the base steel (Fig.13) . Chemical composition of modified 9Cr-1Mo steel has been altered with the control of nitrogen to less than 100 ppm and microalloying with boron [20] . The steel exhibits better resistance to type IV cracking with less reduction of creep rupture strength of weld joint as compared to the base metal (Fig.14) . Since higher normalizing temperature is required to release boron which is locked in M 23 C 6 type of carbides, the effect of normalising temperature on creep rupture strength of boron alloyed modified 9Cr-1Mo steel is being studied. 
Summary
Nuclear energy from fast reactors is an inevitable option to meet the growing demands of energy and does not add to global warming. Materials, particularly, core structural materials, play a critical role in controlling the cost of electricity produced from fast reactors. Materials for fuel clad and wrapper applications have evolved continuously towards increasing the fuel burnup. Oxide dispersion strengthened ferritic/martensitic steels hold great promise to increase the burn up of fuel upto 200 dpa. High temperature structural and steam generator steels with good long term mechanical properties are being developed. The Indian fast reactor programme has achieved great success in developing advanced core and out-of-core structural materials.
